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Sammendrag
Kvikksølv i krustjønnaks Potamogeton crispus 
og kransalgen Chara virgate i Gunneklevfjorden, 
en industripåvirket brakkvannsfjord i Norge. 
Total kvikksølv (Tot-Hg) og metylkvikksølv 
(Met-Hg) ble analysert månedlig fra mai til sep-
tember (2015) i krustjønnaks (Potamogeton 
 crispus) og i kransalgen Chara virgate, for å 
undersøke opptak og akkumulering av Hg i plan-
ter i den forurensede brakkvannsfjorden Gunne-
klevfjorden. Prosentandel Met-Hg av Tot-Hg (% 
Met-Hg) var høyere i plantene (1,4-17,3%) enn i 
sediment (0,01-0,41%) og vann (0,3-1,3%), og 
dette støtter hypotesen om at Met-Hg akkumu-
leres i plantene. Tot-Hg og Met-Hg var høyere i 
C. virgate enn i P. crispus, noe som støtter hypo-
tesen om ulike mekanismer for opptak av Hg i 
samsvar med at næring primært tas opp fra sedi-
mentet via røttene i frøplanter mens alger opptar 
næring via vann gjennom overflaten. Relativ 
andel Met-Hg (% Met-Hg) var høyere i P.crispus 
enn i C.virgate, noe som indikerer ulike kontroll-
mekanismer for netto akkumulering av Hg.
Summary
Total mercury (Tot-Hg) and methylmercury 
(Met-Hg) in the vascular plant Potamogeton cris­
pus and the green algae Chara virgate were ana-
lyzed monthly from May to September (2015), to 
study uptake and accumulation of Hg in macrop-
hytes in the contaminated brackish fjord Gunne-
klevfjorden, Southern Norway. High values of 
Met-Hg relative to Tot-Hg (% Met-Hg) in the 
macrophytes (1.4- 17.3 %), compared to sedi-
ment (0.01-0.41 %) and water (0.3-1.3 %), 
supports the hypothesis that Met-Hg is accumu-
lated within the plants. Tot-Hg and Met-Hg were 
higher in C. virgate than in P. crispus, which 
supports the hypothesis of different mechanisms 
for Hg uptake, reflecting the main nutrient 
uptake paths in angiosperms from sediments 
through roots and in algae from water through 
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surfaces. The relative proportion of Met-Hg (% 
Met-Hg) were higher in P.crispus compared to 
C.virgate, indicating different mechanisms con-
trolling net accumulation of Hg.
Introduction
Macrophytes comprise a vast diversity of aquatic 
organisms including large algae, bryophytes and 
vascular plants, and represent the predominant 
group of organisms within the euphotic zone in 
terms of biomass and primary production, in a 
wide range of littoral ecosystems (Cosio et al., 
2014: Noges et al., 2010). They form important 
and numerous microhabitats for aquatic orga-
nisms, offering shelter, substrate and food. Fur-
ther, submerged macrophytes are thought to 
create a sediment microenvironment favorable 
for bacterial activity (Canario and Vale, 2012, 
Aldridge and Ganf, 2003, Regier et al., 2012). 
Consequently, at contaminated sites, macrophy-
tes are suggested to improve sediments condi-
tions for microbial methylation of inorganic 
mercury (Hg) into the organic form methyl-Hg 
(Met-Hg) (deSouza et al., 1999, Canario et al., 
2007, Castro et al., 2009). Hence, submerged 
meadows are potential important exposure sites 
for uptake and transfer of Hg into aquatic food 
webs (Regier et al., 2013, Gothberg and Greger, 
2006, Greger and Dabrowska, 2010). Macrophy-
tes may themselves act as vectors for Hg into 
aquatic food chains through grazing herbivores 
(Cremona et al., 2009, Bravo et al., 2014, Lafabrie 
et al., 2011), depending on the distribution of Hg 
within the plant and the grazing pattern of the 
present herbivores. 
Although elevated bacterial methylation rates 
have been found in the rhizosphere as well as in 
roots of submerged macrophytes (Guimarães et 
al., 2000, Guimarães et al., 1998, Mauro et al., 
1999, Windham-Myers et al., 2014, Canário et 
al., 2010, Windham-Myers, 2014, Regier et al., 
2012), the role of roots is not fully understood. 
However, higher concentrations of Hg in roots 
compared to leaves and stems (Maury et al., 
1988, Regier et al., 2013), indicates uptake from 
sediment followed by translocation within the 
plant (Cosio et al., 2014) resulting in heterogene-
ous accumulation in different plant organs. 
Further, uptake and accumulation of Hg in 
shoots directly from the water column have been 
reported in both laboratory and in the field 
(Regier et al., 2012, Regier et al., 2013, Anjum et 
al., 2012, Gothberg and Greger, 2006, Figueira et 
al., 2012). However, most often no information 
is available to determine whether inorganic Hg 
are predominately accumulated in plants from 
the water column, from sediments or from pore 
water (Cosio et al., 2014). Several uptake mecha-
nisms are supposed to be in action, such as pas-
sive or facilitated diffusion (Regier et al., 2013, 
Gutknecht, 1981, Schaefer et al., 2011) and car-
rier-mediated mechanisms (Regier et al., 2012, 
Hassett and Kosman, 1995, Page et al., 2009), 
depending on the species of macrophytes. Fur-
ther, temporal variations in Hg accumulation 
have been found (Anjum et al., 2012). 
While the majority of studies on the role of 
aquatic macrophytes in Met-Hg production have 
been carried out in agricultural wetlands, fresh-
water lakes, rivers and saltmarshes in the south-
ern temperate or tropical zone (Bravo et al., 
2014), knowledge is scarce for temperate coastal 
areas and brackish waters. Hence, there is need 
for more studies of uptake and assimilation of 
Hg into various species of macrophytes in diffe-
rent climatic zones, as well as the vertical distri-
bution of Hg within the plants, to determine the 
role of specific macrophytes as vectors for Hg 
into aquatic food chains. The aim of this study 
was to investigate the internal vertical distribu-
tion of Tot-Hg and Met-Hg concentrations in the 
vascular plant curly-leaf pondweed (Potamoge­
ton crispus) and the green algae Chara virgate in 
relation to rhizosphere sediment and water con-
centrations of Hg on a temporal scale, within the 
brackish fjord Gunneklevfjorden in Norway. We 
hypothesis that Hg accumulates in the macrop-
hytes, whereas the mechanisms for uptake and 
the accumulation rate are different in the two 
species studied; primarily from sediments by 
roots in P.crispus and from water by diffusion in 
C.virgate, evident through differences in Hg con-
centration and in vertical distribution of Hg 
between the two species.
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Material and methods
Study site
Our study site, Gunneklevfjorden, is a 0.7 km2, 
brackish fjord with maximum depth 11 meters, 
located in the temperate zone of Norway (Figure 
1). Between 1947 and 1987, approximately 60 
tons of Hg were discharged into the fjord from a 
chlor-alkali plant, and approximately 20-30 tons 
of Hg are expected to be stored within the sedi-
ments (Skei, 1978). Despite heavy sediment con-
tamination, the fjord hosts a submerged meadow 
of macrophytes, reaching down to approximately 
2.7 meters depth. The meadow is classified to be 
of national value due to its size (> 10 daa) and the 
presence of threatened species such as horned 
pondweed, Zannichella palustris (Mjelde, 2015). 
P. crispus, C. virgate and the Canadian waterweed 
Elodea canadensis dominates the meadow in 
separate areas. The P. crispus is a rhizomatous 
perennial herb, which primarily assimilate nutri-
ents through roots and shoots. The roots have 
been found to penetrate 0-15 cm into the sedi-
ments with an average total root length of more 
than 200 cm (Wang, 2013). In contrast, the algae 
C. virgate grows anchored to the substrate by 
means of branching underground rhizoids, and 
resemble land plants with stem-like and leaf-like 
structures, though primarily assimilate nutrients 
from the water through the surface. 
Several investigations, including our study, 
were undertaken during 2013-2015 to develop a 
sediment remediation action plan, intended to 
reduce the ecosystem risk from Hg and other 
contaminants. Sediment characteristics is pre-
pared for presentation in Olsen et al. (in prep) 
and is not included in this paper. In short, TOC, 
grain size, redoks and sulfide showed large ver-
tical and horizontal variations in the fjord. 
Figure 1. Study area and sampling sites for macrophytes, sediment and water within the Gunneklev­
fjorden in Norway in 2015. GM: sampling of Potamogeton crispus. GT: sampling of Chara virgate. 
GR: sampling of sediment outside the meadow. Water = sampling of water.
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Within the meadow, sediment water content and 
TOC concentrations were lower and related to 
larger grain sizes than outside the meadow, pro-
bably following less influence from industrial 
discharges. Further, low pH and low Eh values 
within the meadow were found to correspond 
with high concentrations of H2S in 2-5 cm sedi-
ment depth, supporting the hypothesis of 
enhanced microbial activity in the root influen-
ced zone (rhizosphere). No similar peak in H2S 
were found outside the meadow, even though 
concentrations were higher compared to within 
the meadow.
Sampling, analysis and calculations
Specimens of P. crispus and C. virgate were samp-
led monthly from May to September in 2015 
together with sediments, by use of an Ekman 
grab. Duplicate grab samples were collected at 
each of two sites within the meadow; GM and 
GT, dominated by P. crispus and C. virgate, respe-
ctively, and at a third site outside the meadow; 
GR (Figure 1). Each month, 1-3 specimens of 
each plant species were sampled. In addition, two 
water samples were collected monthly at one 
meter and five meter depth for analysis of Tot-Hg 
and Met-Hg, by use of a Ramberg water sampler. 
Water samples were filtered prior to chemical 
analysis. Due to insufficient material, the dataset 
lack analysis of Hg in P. crispus in August.
The upper five cm of sediment in the grabs 
were carefully subsampled with a spoon as close 
to the plants as possible without rupturing the 
roots, before plants were removed from the 
remaining sediment and rinsed in local water. 
Plants were then washed in 1mM EDTA and 
1mM cysteine, following the procedure by 
Regier et al. (2013). Each individual of P. crispus 
was separated into root, stem and leaf, whereas 
C. virgate was separated into three equal parts; 
base, center and top. Plant and sediment samples 
were kept frozen until freeze-dried prior to 
chemi cal analysis. A total of 66 plant samples 
and 32 sediment samples were analyzed for 
Tot-Hg in triplicates on a Lumex RA-915M 
instrument with a PYRO 915-unit at The Uni-
versity College of Southeast Norway, table 1. 
Tot-Hg and Met-Hg in 10 water samples, as 
well as Met-Hg in 27 plant samples and 21 sedi-
ment samples, were analyzed at The Norwegian 
Institute for Water Research (NIVA), following 
methods described in detail by Bloom et al. 
(1997). No Met-Hg analysis was carried out for 
top sections of C.virgate due to insufficient mate-
rial. The proportion of Tot-Hg that was found in 
the organic form Met-Hg was calculated as per-
centage Met-Hg (% Met-Hg). The bio concentra-
tion factor (BCF), i.e. concentration in plant 
versus concentration in ambient environment, 
was estimated according to the following equa-
tions, assuming uptake from sediments through 
roots in P.crispus and from water through sur-
faces in C. virgate:
The University College of Southeast Norway, table 1.  
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Statistical analysis 
All statistical analysis were done using the statistical language and software environment R, 
version 3.1.0 (R_Core_Team, 2014). One-, two- or three-way ANOVA, as well as non-
parametric Kruskal-Wallis test, were used to test for differences in concentrations of Tot-Hg, 
Met-Hg, and % Met-Hg between species, plant parts and months. TukeyHSD post hoc test 
and post hoc test for Kruskal-Wallis test were carried out to identify differing plant parts and 
months. Note that sediment and water statistics were restricted by single monthly samples. 
Met-Hg concentrations below detection limits in water samples (DL=0.02 ng L-1) were set to 
half the DL (0.01 ng L-1). 
 
Results 
Concentrations in macrophytes 
Concentrations of Tot-Hg and Met-Hg in C. virgate ranged from 169 to 1321 ng g-1 dw and 
from 3.6 to 52 ng g-1 dw, respectively, and were significantly higher than in P. crispus, which 
ranged from 50 to 726 ng g-1 dw and from 1.0 to 19 ng g-1 dw (p<0.001), respectively (Table 
1). In contrast, % Met-Hg in C. virgate ranged from 1.4 to 11 % Met-Hg and were 
significantly lower than P. crispus, which ranged from 1.6 to 17 % Met-Hg (p<0.05). 
 
 
 Tot-Hg Met-Hg % Met-Hg BCFtot BCFmet 
C. virgate  169-1321 
(ng g-1 dw) 
(n=39) 
3.6-52 
(ng g-1 dw) 
(n=13) 
1.4-11 
 
(n=13) 
6*104-4*105 
 (n=27) 
2*105-2*106 
 (n=10) 
P. crispus  50-726 
(ng g-1 dw) 
(n=27) 
1.0-19 
(ng g-1 dw) 
(n=24) 
1.6-17 
 
(n=24) 
0.01-1.7 
 (n=24) 
3-51 
 (n=11) 
Sediment within meadow  0.2-49 
(µg g-1 dw) 
(n=27) 
0.1-14 
(ng g-1 dw) 
(n=16) 
0.01-0.41 
 
(n=16) 
  
Sediment outside meadow  26-59 
(µg g-1 dw) 
(n=5) 
3.1-21 
(ng g-1 dw) 
(n=5) 
0.01-0.04 
 
(n=5) 
  
Water 1 m  2.3-5.0 
(ng L-1) 
(n=5) 
0.02-0.04 
(ng L-1) 
(n=5) 
0.6-1.3 
 
(n=5) 
  
Water 5 m 2.9-8.4 
 (ng L-1) 
(n=5) 
0.01-0.04 
(ng L-1) 
(n=5) 
0.3-0.7 
 
(n=5) 
  
 
 and (1)
The University College of Southeast Norway, table 1.  
 
Tot-Hg and Met-Hg in 10 water samples, s well as Met-Hg in 27 plant samples and 21 
sediment samples, were analyzed at The Nor egian I st tu e f r Water Research (NIVA), 
following methods described in detail by Bloom t al. (1997). No Met-Hg analysis was 
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2) 𝐵𝐵𝐵𝐵𝐵𝐵𝐵𝐵𝐵𝐵𝐵𝐵𝐵𝐵𝐵𝐵𝐵𝐵𝐵𝐵𝐵𝐵𝐵𝐵𝑃𝑃𝑃𝑃.𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐 = 𝑀𝑀𝑀𝑀𝑣𝑣𝑣𝑣𝑇𝑇𝑇𝑇−𝐻𝐻𝐻𝐻𝐻𝐻𝐻𝐻𝑟𝑟𝑟𝑟𝑟𝑟𝑟𝑟𝑟𝑟𝑟𝑟𝑟𝑟𝑟𝑟𝑀𝑀𝑀𝑀𝑣𝑣𝑣𝑣𝑇𝑇𝑇𝑇−𝐻𝐻𝐻𝐻𝐻𝐻𝐻𝐻𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑟𝑟𝑟𝑟        and   𝐵𝐵𝐵𝐵𝐵𝐵𝐵𝐵𝐵𝐵𝐵𝐵𝐵𝐵𝐵𝐵𝐵𝐵𝐵𝐵𝐵𝐵𝐵𝐵𝐶𝐶𝐶𝐶.𝑣𝑣𝑣𝑣𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝐻𝐻𝐻𝐻𝑣𝑣𝑣𝑣𝑇𝑇𝑇𝑇𝑣𝑣𝑣𝑣 = 𝑀𝑀𝑀𝑀𝑣𝑣𝑣𝑣𝑇𝑇𝑇𝑇−𝐻𝐻𝐻𝐻𝐻𝐻𝐻𝐻𝑝𝑝𝑝𝑝𝑝𝑝𝑝𝑝𝑝𝑝𝑝𝑝𝑠𝑠𝑠𝑠𝑟𝑟𝑟𝑟𝑀𝑀𝑀𝑀𝑣𝑣𝑣𝑣𝑇𝑇𝑇𝑇−𝐻𝐻𝐻𝐻𝐻𝐻𝐻𝐻𝑤𝑤𝑤𝑤𝑝𝑝𝑝𝑝𝑟𝑟𝑟𝑟𝑠𝑠𝑠𝑠𝑟𝑟𝑟𝑟 
 
Statistical analysis 
All statistical analysis were done using the s atistical language and software nvironment R, 
version 3.1.0 (R_Cor _Team, 2014). One-, tw - or three-way ANOVA, as well as non-
p r metric Kruskal-Wallis test, w re u d t  test for differences in concentrations of Tot-Hg, 
Met-Hg, and % Met-Hg between species, plant parts and months. TukeyHSD post hoc test 
and post hoc test for Kruskal-Wallis test were carried out to identify differing plant parts and 
months. Note that sediment and water statistics were restricted by single monthly samples. 
Met-Hg concentrations below detection limits in water samples (DL=0.02 ng L-1) were set to 
half the DL (0.01 ng L-1). 
 
Results 
Concen r tions in macrophytes 
Concentrations f Tot-Hg a  Met-Hg in C. virgate ranged from 169 to 1321 ng g-1 dw and 
from 3.6 to 52 ng g-1 dw, respectively, and were significantly higher than in P. crispus, which 
ranged from 50 to 726 ng g-1 dw and from 1.0 to 19 ng g-1 dw (p<0.001), respectively (Table 
1). In contrast, % Met-Hg in C. virgate ranged from 1.4 to 11 % Met-Hg and were 
significantly lower than P. crispus, which ranged from 1.6 to 17 % Met-Hg (p<0.05). 
 
 
 Tot-Hg Met-Hg % Met-Hg BCFtot BCFmet 
C. virgate  169-1321 
(ng g-1 dw) 
(n=39) 
3.6-52 
(ng g-1 dw) 
(n=13) 
1.4-11 
 
(n=13) 
6*104-4*105 
 (n=27) 
2*105-2*106 
 (n=10) 
P. crispus  50-726 
(ng g-1 dw) 
(n=27) 
1.0-19 
(ng g-1 dw) 
(n=24) 
1.6-17 
 
(n=24) 
0.01-1.7 
 (n=24) 
3-51 
 (n=11) 
Sediment within meadow  0.2-49 
(µg g-1 dw) 
(n=27) 
0.1-14 
(ng g-1 dw) 
(n=16) 
0.01-0.41 
 
(n=16) 
  
Sediment outside meadow  26-59 
(µg g-1 dw) 
(n=5) 
3.1-21 
(ng g-1 dw) 
(n=5) 
0.01-0.04 
 
(n=5) 
  
Water 1 m  2.3-5.0 
(ng L-1) 
(n=5) 
0.02-0.04 
(ng L-1) 
(n=5) 
0.6-1.3 
 
(n=5) 
  
Water 5 m 2.9-8.4 
 (ng L-1) 
(n=5) 
0.01-0.04 
(ng L-1) 
(n=5) 
0.3-0.7 
 
(n=5) 
  
 
The University College f S u heast Norway, table 1.  
Tot-Hg and Met-Hg in 10 wa er samp e , as well as Met-Hg i  27 plant samples and 21 
sedim t samples, wer  analyz d at The Norwegian Institute for Water Research (NIVA), 
following tho s desc ibed in detail by Bloom et al. (1997). No Met-Hg analysis was 
carried out for op sections of C.virgate due o insufficient material. The proportion of Tot-Hg 
that was found in the organic f rm Met-Hg was calculated as percentage Met-Hg (% Met-
Hg). The bio concentration factor (BCF), i.e. concentration in plant versus concentration in 
ambient environment, was estimated according to the following equations, assuming uptake 
from sediments through roots in P.crispus and from water through surfaces in C. virgate: 
 
1) 𝐵𝐵𝐵𝐵𝐵𝐵𝐵𝐵𝐵𝐵𝐵𝐵𝐵𝐵𝐵𝐵𝐵𝐵𝐵𝐵𝐵𝐵𝐵𝐵𝑃𝑃𝑃𝑃.𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐 = 𝑇𝑇𝑇𝑇𝑇𝑇𝑇𝑇𝑇𝑇𝑇𝑇−𝐻𝐻𝐻𝐻𝐻𝐻𝐻𝐻𝑟𝑟𝑟𝑟𝑟𝑟𝑟𝑟𝑟𝑟𝑟𝑟𝑟𝑟𝑟𝑟𝑇𝑇𝑇𝑇𝑇𝑇𝑇𝑇𝑇𝑇𝑇𝑇−𝐻𝐻𝐻𝐻𝐻𝐻𝐻𝐻𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑟𝑟𝑟𝑟   and   𝐵𝐵𝐵𝐵𝐵𝐵𝐵𝐵𝐵𝐵𝐵𝐵𝐵𝐵𝐵𝐵𝐵𝐵𝐵𝐵𝐵𝐵𝐵𝐵𝐶𝐶𝐶𝐶.𝑣𝑣𝑣𝑣𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝐻𝐻𝐻𝐻𝑣𝑣𝑣𝑣𝑇𝑇𝑇𝑇𝑣𝑣𝑣𝑣 = 𝑇𝑇𝑇𝑇𝑇𝑇𝑇𝑇𝑇𝑇𝑇𝑇−𝐻𝐻𝐻𝐻𝐻𝐻𝐻𝐻𝑝𝑝𝑝𝑝𝑝𝑝𝑝𝑝𝑝𝑝𝑝𝑝𝑠𝑠𝑠𝑠𝑟𝑟𝑟𝑟𝑇𝑇𝑇𝑇𝑇𝑇𝑇𝑇𝑇𝑇𝑇𝑇−𝐻𝐻𝐻𝐻𝐻𝐻𝐻𝐻𝑤𝑤𝑤𝑤𝑝𝑝𝑝𝑝𝑟𝑟𝑟𝑟𝑠𝑠𝑠𝑠𝑟𝑟𝑟𝑟   
2) 𝐵𝐵𝐵𝐵𝐵𝐵𝐵𝐵𝐵𝐵𝐵𝐵𝐵𝐵𝐵𝐵𝐵𝐵𝐵𝐵𝐵𝐵𝐵𝐵𝑃𝑃𝑃𝑃.𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐 = 𝑀𝑀𝑀𝑀𝑣𝑣𝑣𝑣𝑇𝑇𝑇𝑇−𝐻𝐻𝐻𝐻𝐻𝐻𝐻𝐻𝑟𝑟𝑟𝑟𝑟𝑟𝑟𝑟𝑟𝑟𝑟𝑟𝑟𝑟𝑟𝑟𝑀𝑀𝑀𝑀𝑣𝑣𝑣𝑣𝑇𝑇𝑇𝑇−𝐻𝐻𝐻𝐻𝐻𝐻𝐻𝐻𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑟𝑟𝑟𝑟        and   𝐵𝐵𝐵𝐵𝐵𝐵𝐵𝐵𝐵𝐵𝐵𝐵𝐵𝐵𝐵𝐵𝐵𝐵𝐵𝐵𝐵𝐵𝐵𝐵𝐶𝐶𝐶𝐶.𝑣𝑣𝑣𝑣𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝐻𝐻𝐻𝐻𝑣𝑣𝑣𝑣𝑇𝑇𝑇𝑇𝑣𝑣𝑣𝑣 = 𝑀𝑀𝑀𝑀𝑣𝑣𝑣𝑣𝑇𝑇𝑇𝑇−𝐻𝐻𝐻𝐻𝐻𝐻𝐻𝐻𝑝𝑝𝑝𝑝𝑝𝑝𝑝𝑝𝑝𝑝𝑝𝑝𝑠𝑠𝑠𝑠𝑟𝑟𝑟𝑟𝑀𝑀𝑀𝑀𝑣𝑣𝑣𝑣𝑇𝑇𝑇𝑇−𝐻𝐻𝐻𝐻𝐻𝐻𝐻𝐻𝑤𝑤𝑤𝑤𝑝𝑝𝑝𝑝𝑟𝑟𝑟𝑟𝑠𝑠𝑠𝑠𝑟𝑟𝑟𝑟 
 
Statistical analy is 
All s atistical analy is were don  using the tatistical languag  and oftware environ ent R, 
version 3.1.0 (R_C re_Team, 2014). O e-, two- or three-way ANOVA, as well as non-
parametric Kruskal-Wall s test, were used to test for differences in concentrations of Tot-Hg, 
Me -Hg, and % Me -Hg betwe n species, plant parts and months. TukeyHSD post hoc test 
and pos hoc te t for Kruskal-Wallis test were carried out to identify differing plant parts and 
months. Note that sediment and water statistics were restricted by single monthly samples. 
Met-Hg concentrations below det ction limits n water samples (DL=0.02 ng L-1) were set to 
half the DL (0.01 ng L-1). 
 
Results 
Concentrations in macrophytes 
Concentrations of Tot-Hg and Met-Hg in C. virg te ranged from 169 to 1321 ng g-1 dw and 
from 3.6 to 52 ng g-1 dw, r spectively, and were significantly higher than in P. crispus, which 
ranged from 50 to 726 ng g-1 dw and from 1.0 to 19 ng g-1 dw (p<0.001), respectively (Table 
1). In contrast, % Met-Hg in C. virgate ranged from 1.4 to 11 % Met-Hg and were 
significantly lower than P. crispus, which ranged from 1.6 to 17 % Met-Hg (p<0.05). 
 
 
 Tot-Hg Met-Hg % Met-Hg BCFtot BCFmet 
C. virgate  169-1321 
(ng g-1 dw) 
(n=39) 
3.6-52 
(ng g-1 dw) 
(n=13) 
1.4-11 
 
(n=13) 
6*104-4*105 
 (n=27) 
2*105-2*106 
 (n=10) 
P. crispus  50-726 
(ng g-1 dw) 
(n=27) 
1.0-19 
(ng g-1 dw) 
(n=24) 
1.6-17 
 
(n=24) 
0.01-1.7 
 (n=24) 
3-51 
 (n=11) 
Sediment within meadow  0.2-49 
(µg g-1 dw) 
(n=27) 
0.1-14 
(ng g-1 dw) 
(n=16) 
0.01-0.41 
 
(n=16) 
  
Sediment outside meadow  26-59 
(µg g-1 dw) 
(n=5) 
3.1-21 
(ng g-1 dw) 
(n=5) 
0.01-0.04 
 
(n=5) 
  
Water 1 m  2.3-5.0 
(ng L-1) 
(n=5) 
0.02-0.04 
(ng L-1) 
(n=5) 
0.6-1.3 
 
(n=5) 
  
Water 5 m 2.9-8.4 
 (ng L-1) 
(n=5) 
0.01-0.04 
(ng L-1) 
(n=5) 
0.3-0.7 
 
(n=5) 
  
 
 and (2)  
The University Coll ge f S utheast Norway, tabl  1.  
 
Tot-Hg and Met-Hg in 10 water samples, s well as Me -Hg in 27 plant samples and 21 
sedim t samples, were analyzed at The Nor egian I st tute f Water Research (NIVA), 
following hods described in detail by Bloom t al. (1997). No Met-Hg analysis was 
carried out for top sections of C.virgate ue to insufficient materi l. The proportion of Tot-Hg 
that was found in the organic form Met-Hg wa  calculated as percentage Met-Hg (% Met-
Hg). The bio concentration factor (BCF), i.e. concentration in plant versus concentration in 
ambient environment, was estimated according to the following equati s, a suming up ake 
from sediments through roots in P.crispus and from water through surfaces in C. virgate: 
 
1) 𝐵𝐵𝐵𝐵𝐵𝐵𝐵𝐵𝐵𝐵𝐵𝐵𝐵𝐵𝐵𝐵𝐵𝐵𝐵𝐵𝐵𝐵𝐵𝐵𝑃𝑃𝑃𝑃.𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐 = 𝑇𝑇𝑇𝑇𝑇𝑇𝑇𝑇𝑇𝑇𝑇𝑇−𝐻𝐻𝐻𝐻𝐻𝐻𝐻𝐻𝑟𝑟𝑟𝑟𝑟𝑟𝑟𝑟𝑟𝑟𝑟𝑟𝑟𝑟𝑟𝑟𝑇𝑇𝑇𝑇𝑇𝑇𝑇𝑇𝑇𝑇𝑇𝑇−𝐻𝐻𝐻𝐻𝐻𝐻𝐻𝐻𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑟𝑟𝑟𝑟   and   𝐵𝐵𝐵𝐵𝐵𝐵𝐵𝐵𝐵𝐵𝐵𝐵𝐵𝐵𝐵𝐵𝐵𝐵𝐵𝐵𝐵𝐵𝐵𝐵𝐶𝐶𝐶𝐶.𝑣𝑣𝑣𝑣𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝐻𝐻𝐻𝐻𝑣𝑣𝑣𝑣𝑇𝑇𝑇𝑇𝑣𝑣𝑣𝑣 = 𝑇𝑇𝑇𝑇𝑇𝑇𝑇𝑇𝑇𝑇𝑇𝑇−𝐻𝐻𝐻𝐻𝐻𝐻𝐻𝐻𝑝𝑝𝑝𝑝𝑝𝑝𝑝𝑝𝑝𝑝𝑝𝑝𝑠𝑠𝑠𝑠𝑟𝑟𝑟𝑟𝑇𝑇𝑇𝑇𝑇𝑇𝑇𝑇𝑇𝑇𝑇𝑇−𝐻𝐻𝐻𝐻𝐻𝐻𝐻𝐻𝑤𝑤𝑤𝑤𝑝𝑝𝑝𝑝𝑟𝑟𝑟𝑟𝑠𝑠𝑠𝑠𝑟𝑟𝑟𝑟   
2) 𝐵𝐵𝐵𝐵𝐵𝐵𝐵𝐵𝐵𝐵𝐵𝐵𝐵𝐵𝐵𝐵𝐵𝐵𝐵𝐵𝐵𝐵𝐵𝐵𝑃𝑃𝑃𝑃.𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐 = 𝑀𝑀𝑀𝑀𝑣𝑣𝑣𝑣𝑇𝑇𝑇𝑇−𝐻𝐻𝐻𝐻𝐻𝐻𝐻𝐻𝑟𝑟𝑟𝑟𝑟𝑟𝑟𝑟𝑟𝑟𝑟𝑟𝑟𝑟𝑟𝑟𝑀𝑀𝑀𝑀𝑣𝑣𝑣𝑣𝑇𝑇𝑇𝑇−𝐻𝐻𝐻𝐻𝐻𝐻𝐻𝐻𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑟𝑟𝑟𝑟        and   𝐵𝐵𝐵𝐵𝐵𝐵𝐵𝐵𝐵𝐵𝐵𝐵𝐵𝐵𝐵𝐵𝐵𝐵𝐵𝐵𝐵𝐵𝐵𝐵𝐶𝐶𝐶𝐶.𝑣𝑣𝑣𝑣𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝐻𝐻𝐻𝐻𝑣𝑣𝑣𝑣𝑇𝑇𝑇𝑇𝑣𝑣𝑣𝑣 = 𝑀𝑀𝑀𝑀𝑣𝑣𝑣𝑣𝑇𝑇𝑇𝑇−𝐻𝐻𝐻𝐻𝐻𝐻𝐻𝐻𝑝𝑝𝑝𝑝𝑝𝑝𝑝𝑝𝑝𝑝𝑝𝑝𝑠𝑠𝑠𝑠𝑟𝑟𝑟𝑟𝑀𝑀𝑀𝑀𝑣𝑣𝑣𝑣𝑇𝑇𝑇𝑇−𝐻𝐻𝐻𝐻𝐻𝐻𝐻𝐻𝑤𝑤𝑤𝑤𝑝𝑝𝑝𝑝𝑟𝑟𝑟𝑟𝑠𝑠𝑠𝑠𝑟𝑟𝑟𝑟 
 
Statistical analy is 
All statistical analy is were done using the atistical language and oftware nviron ent R, 
version 3.1.0 (R_Core_Team, 2014). O e-, tw - or thr e-way ANOVA, s well as non-
parametric Kruskal-Wallis test, were used t  e t for differences in concentrations of Tot-Hg, 
Met-Hg, and % Met-Hg between species, plant parts a d months. TukeyHSD post hoc test 
and post hoc test for Kruskal-Wallis test were carried out to identify differing plant parts and 
months. Note that sediment and water statistics were restricted by single mo thly samples. 
Met-Hg conce rati n  below detection limits in water samples (DL=0.02 ng L-1) wer  set to 
half the DL (0.01 ng L-1). 
 
Results 
Concentra ions in macrophytes 
Concentrations of Tot-Hg and Met-Hg in C. virgate ranged from 169 to 1321 ng g-1 dw and 
from 3.6 to 52 ng g-1 dw, respectively, and were significantly higher than in P. crispus, which 
ranged fr m 50 to 726 ng g-1 dw and from 1.0 to 19 ng g-1 dw (p<0.001), respectively (Table 
1). In contrast, % Met-Hg in C. virgate ranged from 1.4 to 11 % Met-Hg an  were 
significantly lower than P. crispus, which ranged from 1.6 to 17 % Met-Hg (p<0.05). 
 
 
 Tot-Hg M t-Hg % Met-Hg BCFtot BCFmet 
C. virgate  169-1321 
(ng g-1 dw) 
(n=39) 
3.6-52 
(ng g-1 dw) 
(n=13) 
1.4-11 
 
(n=13) 
6*104-4*105 
 (n=27) 
2*105-2*106 
 (n=10) 
P. crispus  50-726 
(ng g-1 dw) 
(n=27) 
1.0-19 
(ng g-1 dw) 
(n=24) 
1.6-17 
 
(n=24) 
0.01-1.7 
 (n=24) 
3-51 
 (n=11) 
Sediment within meadow  0.2-49 
(µg g-1 dw) 
(n=27) 
0.1-14 
(ng g-1 dw) 
(n=16) 
0.01-0.41 
 
(n=16) 
  
Sediment outside meadow  26-59 
(µg g-1 dw) 
(n=5) 
3.1-21 
(ng g-1 dw) 
(n=5) 
0.01-0.04 
 
(n=5) 
  
Water 1 m  2.3-5.0 
(ng L-1) 
(n=5) 
0.02-0.04 
(ng L-1) 
(n=5) 
0.6-1.3 
 
(n=5) 
  
Water 5 m 2.9-8.4 
 (ng L-1) 
(n=5) 
0.01-0.04 
(ng L-1) 
(n=5) 
0.3-0.7 
 
(n=5) 
  
 
Statistical analysis
All statistical analysis were done using the statis-
tical language and software environment R, ver-
sion 3.1.0 (R_Core_Team, 2014). One-, two- or 
three- way ANOVA, as well as non-parametric 
Kruskal-Wallis test, were used to test for differen-
ces in c ncentrations of Tot-Hg, Met-Hg, and % 
Met-Hg between s ecies, plant parts and months. 
TukeyHSD post hoc test and post hoc test for 
Kruskal-Wallis test were carried out to identify 
differing plant parts and months. Note that sedi-
ment and water statistics were restricted by single 
monthly samples. Met-Hg concentrations below 
detection limits in water samples (DL=0.02 ng 
L-1) were set to half the DL (0.01 ng L-1 .
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Results
Concentrations in macrophytes
Concentrations of Tot-Hg and Met-Hg in C. vir­
gate ranged from 169 to 1321 ng g-1 dw and from 
3.6 to 52 ng g-1 dw, respectively, and were signifi-
cantly higher than in P. crispus, which ranged 
from 50 to 726 ng g-1 dw and from 1.0 to 19 ng g-1 
dw (p<0.001), respectively (Table 1). In contrast, 
% Met-Hg in C. virgate ranged from 1.4 to 11 % 
Met-Hg and were significantly lower than P. cris­
pus, which ranged from 1.6 to 17 % Met-Hg 
(p<0.05).
Tot-Hg in C. virgate did not differ  significantly 
between the plant sections, figure 2, in contrast 
to Met-Hg and % Met-Hg, which were found to 
be higher in base than in the center (p<0.05 and 
p<0.1, respectively). In P. crispus, both Tot-Hg 
and Met-Hg were found to be higher in root than 
in stem (p<0.1), while no significant difference 
were found for % Met-Hg between plant parts, 
figure 2.
Both Tot-Hg and Met-Hg differed between 
months in C. virgate, as well as in P. crispus, 
figure 3. In C. virgate, Tot-Hg was found to be 
significantly higher in June than in the other 
months (p<0.001), while neither Met-Hg nor % 
Met-Hg showed significant difference between 
months. In P. crispus, Tot-Hg was found to be 
significantly higher in May than in the other 
months (p<0.01), while Met-Hg was higher in 
July than in June (p<0.05). The increase of % 
Met-Hg observed in P. crispus after June were 
significant (p<0.05).
Concentrations in sediment and water
Tot-Hg and Met-Hg concentrations in sediment 
ranged from 0.2 to 59 µg g-1 dw and from 0.1 to 
21 ng g-1dw, respectively, while % Met-Hg ranged 
from 0.01 to 0.41 %, table 1. Tot-Hg and Met-Hg 
in sediments were significantly higher outside the 
meadow than within (p<0.001). In contrast, % 
Met-Hg were higher within the meadow than 
outside (p=0.09), figure 4. Neither Tot-Hg nor 
Met-Hg in sediments differed significantly bet-
ween the months, while % Met-Hg exhibited a signi-
ficant peak within the meadow in July (p<0.001). 
Table 1. Range of concentrations of Tot­Hg, Met­Hg and % Met­Hg in macrophytes (Chara virgate 
and Potamogeton crispus), sediment and water sampled in Gunneklevfjorden in 2015. BCFtot and 
BCFmet is given as root­to­sediment ratio for Potamogeton crispus and as plant­to­water ratio for 
Chara virgate.
Tot-Hg Met-Hg % Met-Hg BCFtot BCFmet
C. virgate 169-1321
(ng g-1 dw)
(n=39)
3.6-52
(ng g-1 dw)
(n=13)
1.4-11
(n=13)
6*104-4*105
 (n=27)
2*105-2*106
 (n=10)
P. crispus 50-726
(ng g-1 dw)
(n=27)
1.0-19
(ng g-1 dw)
(n=24)
1.6-17
(n=24)
0.01-1.7
 (n=24)
3-51
 (n=11)
Sediment within meadow 0.2-49
(µg g-1 dw)
(n=27)
0.1-14
(ng g-1 dw)
(n=16)
0.01-0.41
(n=16)
Sediment outside meadow 26-59
(µg g-1 dw)
(n=5)
3.1-21
(ng g-1 dw)
(n=5)
0.01-0.04
(n=5)
Water 1 m 2.3-5.0
(ng L-1)
(n=5)
0.02-0.04
(ng L-1)
(n=5)
0.6-1.3
(n=5)
Water 5 m 2.9-8.4
 (ng L-1)
(n=5)
0.01-0.04
(ng L-1)
(n=5)
0.3-0.7
(n=5)
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Figure 2. Mean ± sd for concentrations of Tot­Hg, Met­Hg and % Met­Hg in plant parts of Chara 
virgate (top) and Potamogeton crispus (bottom) sampled in Gunneklevfjorden during May­September 
2015. Notes difference in scale for Tot­Hg and Met­Hg.
Figure 3. Mean ± sd for concentrations of Tot­Hg (ng g­1 dw), Met­Hg (ng g­1 dw) and % Met­Hg in 
Chara virgate (top) and in Potamogeton crispus (bottom) from May to September in Gunneklev­
fjorden in 2015. Notes difference in scale for Tot­Hg and Met­Hg.
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The monthly concentrations of Tot-Hg and 
Met-Hg in water ranged from 2.3 to 8.4 ng L-1 
and from 0.01 to 0.04 ng L-1, respectively, and % 
Met-Hg ranged from 0.3 to 1.3 % (Table 1). The 
highest values of Tot-Hg were found at five meters, 
while % Met-Hg showed highest values at one 
meters depth. Tot-Hg decreased from May to Sep-
tember at both one meter (54 % reduction) and 
five meters depth (65 % reduction), while no such 
trends were observed for Met-Hg or % Met-Hg. 
Discussion
The concentrations of Tot-Hg, Met-Hg and % 
Met-Hg were found to differ between the vas-
cular plant P. crispus and the green algae C. vir­
gate (Table 1), with the highest % Met-Hg found 
in P.crispus. This supports the hypothesis of spe-
cies-specific mechanisms for uptake and accumu-
lation of Hg, also suggested by others (Regier et 
al., 2013, Gutknecht, 1981, Schaefer et al., 2011). 
In P. crispus, the highest Tot-Hg concentrations 
were in the roots followed by leaves and stems. 
This supports the hypothesis that sediment-to-
root is the primary uptake path for Hg in vascular 
macrophytes, causing heterogeneous distribu-
tion, which agrees well with previous studies. 
However, BCFtot for P.crispus were low (0.01-
1.72), indicating that relatively small amounts of 
the Hg in sediments is taken up by macrophytes, 
as has been suggested by Cosio et al (2014). The 
low concentrations of both Tot-Hg and Met-Hg 
in the stem of P. crispus, demonstrates that the 
stem functions primarily for transport of Hg 
rather than storage. This is in accordance with 
other studies indicating translocation from root 
to other plant organs (Regier et al., 2012, Regier 
et al., 2013, Boudou et al., 1991). (Maury et al., 
1988, Regier et al., 2013). 
The high Tot-Hg in P.crispus in May supports 
more available Hg and/or active uptake at the 
onset of the growth season. From May to Sep-
tember, the % Met-Hg in P. crispus increased, 
which might be explained by bioaccumulation 
during growth season, as suggested by Gothberg 
and Greger (2006), or production of Met-Hg 
within the plants, as hypothesized and suggested 
in several studies (Guimarães et al., 2000, Gui-
marães et al., 1998, Mauro et al., 1999, Wind-
ham-Myers et al., 2014, Canário et al., 2010, 
Windham-Myers, 2014, Regier et al., 2012, 
Figure 4. Mean ± sd for concentrations of Tot­Hg (µg g­1 dw), Met­Hg (ng g­1 dw) and % Met­Hg in 
sediment samples collected from May to September, outside and within the meadow in Gunneklev­
fjorden. Notes difference in scale for Tot­Hg and Met­Hg.
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Gothberg and Greger, 2006). However, % 
Met-Hg was similar in all plant parts of P.cris­
pus, indicating that no major net methylation 
occurs in any particular plant organ after trans-
location from the roots. Hence, we suggest that 
the primary cause of increase in % Met-Hg 
during growth season is bioaccumulation, but 
cannot exclude production of Met-Hg within 
P.crispus.
In C. virgate, the peak of Tot-Hg in June coin-
cides with the peak in water at five meter depth, 
indicating that water is the source to Hg, as 
hypothesized. The high BCFtot (104) and BCFmet 
(105) of C. virgate indicates that a relatively large 
amount of Hg in the water is taken up by the 
plants, reflecting that the Met-Hg bioaccumula-
tion step from water to primary producers repre-
sent the largest single increase for Met-Hg 
concentrations in aquatic ecosystems, as descri-
bed by Mason et al. (1996). Hence, the BCF- 
values are in accordance with ratios previously 
reported from water to phytoplankton and to 
other seston (Baeyens et al., 2003, Watras and 
Bloom, 1992, Mason et al., 1996).  Surprisingly, 
Met-Hg was significantly higher in the base of 
the plant than in the center, indicating that 
uptake and accumulation are not homogenous 
within C. virgate, or that the exposure of Met-Hg 
is relatively higher in the sediment boundary 
layer. This should be further investigated. In C. 
virgate, no significant increase in % Met-Hg 
during growth season was seen, as would be 
expected due to bioaccumulation, and % Met-Hg 
was significantly lower than in P. crispus. The 
absence of increase and the low % Met-Hg in 
C.virgate may be explained by mechanisms con-
trolling the net production and accumulation of 
Met-Hg within the plant, such as demethylation 
which has been suggested to occur within plants 
by Simon and Boudou (2001). Still, the % Met-Hg 
found for both species of macrophytes were high 
(1.4-17.3%) compared to sediment (0.01- 0.41 %) 
and water (0.3-1.3 %), which supports accumu-
lation and/or methylation with the plants. 
Higher % Met-Hg in the sediments within the 
meadow compared to outside, supports that 
macrophytes enhance microbial methylation in 
sediments, as reported in several previous stu-
dies (Regier et al., 2012, Canario and Vale, 2012, 
Aldridge and Ganf, 2003, deSouza et al., 1999, 
Canario et al., 2007, Castro et al., 2009) and ela-
borated in Olsen et al. (in prep). The high sedi-
ment concentrations of Hg found outside the 
meadow compared to within, are probably 
explained by the distance to the previous point 
of discharge from the chlor-alkali plant. 
Conclusion
Our results improves insight to the complexity of 
the fate of Hg in aquatic environments and the 
role of different species of macrophytes. The dif-
ferences in concentrations of Hg and in % 
Met-Hg found between P. crispus and C. virgate, 
supports species-specific mechanisms for uptake 
and accumulation of Hg. We suggest that Hg 
uptake in P. crispus primarily is from sediment 
to roots, whereas C. virgate primarily takes up Hg 
from water. Our results indicate accumulation in 
roots and leaves of P. crispus during the growth 
season, while in C.virgate there might be mecha-
nisms in action controlling the net accumulation 
rate of Met-Hg. In C. virgate, Met-Hg seems to 
be higher in the base of the plant and the reason 
for this should be further investigated. Our 
results of accumulation of Met-Hg in plants and 
higher % Met-Hg in sediments within the 
meadow compared to outside, reflects that 
macrophytes play important roles to Hg fate in 
aquatic systems. Depending of the species pre-
sent, macrophytes may act as vectors for Hg into 
aquatic food webs, demonstrating the role of 
site-specific environmental parameters on the 
fate of Hg in the environment.
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